Abstract-In this contribution, we probe spatial variations in charge-carrier recombination in CuIn x Ga 1 −x Se 2 (CIGS) absorbers grown on soda-lime glass (SLG) and alkali-free sapphire substrates with NaF and KF postdeposition treatments (PDTs). Temperature-and illumination-dependent device measurements are used to track interface recombination and recombination in the quasi-neutral region. The analysis of these data reveals that the benefit of alkali PDTs depends on the substrate: interface recombination is reduced in devices grown on sapphire substrates, whereas recombination in the quasi-neutral regions is reduced in devices grown on SLG substrates. Cathodoluminescence (CL) spectrum imaging is used to study the spatial distribution of recombination with respect to the grain structure. The grain-boundary CL contrast is similar in films with no PDT, NaF PDT, or KF PDT. A reduced grain-boundary contrast is observed with a NaF + KF PDT; however, suggesting a reduced recombination strength at the grain boundaries (GBs) for combined NaF + KF treatment. CL spectra indicate band tailing, consistent with the fluctuating potential model. Fluctuating potentials are believed to reduce open-circuit voltage, but their spatial distribution has not been studied. Here, CL spectrum imaging data are used to generate maps of the rootmean-square value of the potential energy fluctuations-γ. These maps reveal a bimodal γ distribution for all samples: γ is generally in the range ∼15-50 meV or ∼100-180 meV. The higher γ range is more significantly affected by the PDTs; after the PDTs, it is strongly correlated with GBs. The lower γ range is correlated with higher emission intensity regions, typically grain interiors, and increases in area fraction after the PDTs. These results demonstrate how spatially resolved luminescence and device characterization measurements can be used to monitor changes in recombination in CIGS films and photovoltaic devices. Such measurements can complement empirical device optimization and help improve device performance.
I. INTRODUCTION
CuIn x Ga 1−x Se 2 (CIGS) photovoltaic (PV) devices have reached efficiencies greater than 22% at the laboratory scale, and modules are now competitive with silicon-based PV modules. Although the 22.6% record cell efficiency is impressive, it falls well short of the detailed-balance efficiency limit due to nonradiative recombination [1] . Nonradiative Shockley-ReadHall recombination-at the front and back interfaces, in the space-charge region, and at grain boundaries (GBs) and grain interiors (GIs) in the quasi-neutral region-significantly reduces open-circuit voltage (V oc ) and fill factor (FF) of CIGS devices [2] relative to theoretical limits. To reach the theoretical performance limits, we need a thorough understanding of both 1) nonradiative recombination in CIGS films and 2) how processing parameters and routines change the spatial distribution and strength of recombination centers.
Adding sodium, an alkali metal, through postdeposition treatments (PDTs) or incorporating it during growth has been of interest for quite some time. Recently, many in the CIGS PV community have taken an interest in other alkali metals as a means of increasing PV device performance [3] . To date, the most popular element other than sodium has been potassium, which shows improvements similar to those of sodium in films grown on traditional soda-lime glass (SLG) substrates [4] , [5] , as well as on nonalkali-containing substrates [6] , [7] .
The addition of alkali metals to CIGS thin films is required to produce PV devices with high conversion efficiencies. However, the exact nature of the beneficial effects is not completely understood-particularly how recombination losses at GBs and in different regions of the CIGS absorbers are altered by the presence of alkali metals. The highest-efficiency devices are typically produced using SLG substrates [8] , [9] . Here, the Na contained within the SLG substrate is incorporated into the CIGS absorber as it diffuses through the Mo layer during growth. It is also possible to produce high-quality devices by delivery of alkali metals through PDTs, and this has attracted great interest because it enables the production of high-quality devices on different substrate materials including flexible substrates, which significantly increases the potential applications. Currently, sodium and potassium are the most popular elements 2156-3381 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
used to increase CIGS device performance through PDTs, although recently, devices approaching record efficiencies were produced using heavier alkali metals [3] . The improvement in performance due to sodium-and potassium-based PDTs is primarily due to increases in the V oc and FF [10] , [11] ; in some cases, these changes can be related to the acceptor concentration through
where k B , q, and N are Boltzmann's constant, the elemental charge, and acceptor concentration, respectively. The subscript on N indicates the acceptor concentration measured with and without being subjected to a PDT. Equation (1) attributes the change in V oc solely to the change in acceptor concentration, but this is often insufficient to account for observed increases in V oc . V oc is directly related to the recombination rate, and several studies have demonstrated how the recombination rates in different regions of a CIGS PV device can be extracted through temperature-dependent current-voltage (JVTI) and capacitance-voltage (CV) measurements [12] . The principle of temperature-and illumination-dependent current versus voltage measurements is to extract the recombination rates in different regions of the CIGS device-namely, the heterointerface, depletion region, and quasi-neutral regions. This is done by the fitting temperature versus V OC and illumination versus V OC curves to the following equations:
In these equations, k B , T, W, q, E a , G avg , and ϕ b,0 are, respectively, the Boltzmann constant, temperature, film thickness, elementary charge, activation energy for recombination, scaled carrier generation, and potential barrier at the interface; the latter two parameters are described in [13] . The parameters R i 0 , R d 0 , and R b 0 are the coefficients for the recombination rates at the heterointerface, in the depletion region, and in the quasi-neutral regions, respectively, and they can be extracted by fitting curves of V OC versus illumination (2) and V OC versus temperature (3). The recombination rates in these regions can then be calculated using (3)- (5) and the values of the various coefficients.
A. Potential Fluctuation Recombination
Recombination in high-performance CIGS PV devices is governed by the characteristics of Cu-poor CIGS films, namely, fluctuations in the electrostatic potential. V OC deficits in CIGS devices have been attributed to potential fluctuations [2] ; thus, it is imperative to both monitor and control their magnitude and spatial distribution within CIGS thin-film PV devices. These types of material variations have been directly connected with reduced V OC and FF [14] because their presence effectively reduces the material bandgap and can affect the photoconductivity and carrier mobility [15] - [18] .
In stoichiometric or Cu-rich CIGS, the defect chemistry differs from Cu-poor material, and elegant studies of luminescence behavior are possible [19] , [20] although these films lack the necessary properties to produce high-quality heterointerfaces and are therefore not used in high-performance devices. Quantitative analysis of the luminescence properties of Cu-poor CIGS films is difficult due to the broad emission spectra and lack of well-defined peaks that can be related to specific defect chemistries. Various photoluminescence (PL) studies have probed potential fluctuations in CIGS films [21] , and potassium PDT has been found to reduce the magnitude of potential fluctuations in CIGS [22] . These results only relate to the area-averaged properties of the films and do not provide direct evidence of differences in GB versus GI recombination. Cathodoluminescence (CL) imaging and CL spectrum imaging (CLSI) analysis can reveal submicron spatial variations in luminescence properties due to the spectrum-per-pixel acquisition, and this technique has also been used to probe recombination behavior in CIGS films [23] - [25] . The luminescence intensity and the peak photon energy are generally observed to decrease at the GBs relative to GIs [26] , [27] . It is difficult to connect these observations with device performance without a rigorous model of the CL measurement that takes into account conditions such as accurate carrier-generation profile, surface recombination, bulk material properties, and temperature. However, it is possible to extract a parameter related to the magnitude of the potential fluctuations, gamma (γ), from a fit to the low-energy portion of emission spectra [22] , [28] based on the following equation:
where E I is the acceptor ionization energy and γ is the magnitude of the potential fluctuations. With the CLSI analysis, this parameter can be calculated at each pixel over the scanned regions to visualize the spatial distribution of potential fluctuations with respect to the film microstructure. The potential fluctuations have two possible origins: 1) compositional fluctuations causing changes in the bandgap of the material and 2) changes in point-defect concentrations such as V Cu and In Cu in CIGS [27] . Compositional fluctuations have been found to exist within individual grains by transmission electron microscopy analysis [29] . In this work, the focus lies on the latter because the CIGS absorber layers were grown under identical conditions so that changes in recombination behavior could be attributed to the presence (or absence) of the different alkali elements.
II. EXPERIMENT
The CIGS absorbers used in this work were grown via the 3-stage coevaporation process on both traditional SLG and alkali-free sapphire substrates. PDTs were applied at the end of the absorber growth before the sample was cooled. Samples were subjected to NaF, KF, and combined NaF+KF PDTs, and for comparison, a control sample was held at the PDT temperature without any alkali flux. The approximate thicknesses of the layers due to the NaF and KF PDTs are 1 and 20 nm, respectively. CIGS solar cells were fabricated on SLG substrates. Fig. 1 shows the schematic layer structure of a finished CIGS solar cell. A 1-μm-thick Mo back contact was deposited by in-line-type direct current sputtering on an SLG substrate after washing. A 2.0-μm-thick CIGS layer was deposited by evaporation using a three-stage process [30] . The growth temperature of the first stage was 350°C, and that of the second and third stages was 550°C. The atomic ratio of Ga to group III elements (GGI) was 0.4 in the first stage and was then changed to 0.25 in the third stage to modify the Ga gradient. The atomic ratio of Cu to group III elements (CGI) was controlled at 0.95. After CIGS deposition, KF and NaF PDTs were performed at 350 and 550°C for the SLG and sapphire substrates, respectively, as these temperatures resulted in the largest improvement in performance. KF and NaF were coevaporated with an Se beam for 10 min since this method can achieve high conversion efficiencies. The fluxes were estimated by secondary ion mass spectrometry using an NaF-and KF-doped CIGS layer at low temperatures on a sapphire substrate.
CL analysis was performed on a JEOL JSM-7600FESEM equipped with a liquid-helium cryostage operating at 6 K and spectrum-per-pixel acquisition capability. The hyperspectral image data were processed with MATLAB to create images and extract individual spectra from GB and GI regions for spectrum analysis. Samples were prepared for CL analysis by Ar + ion milling with 3-kV accelerating voltage at an angle of ∼4°r elative to the sample surface to remove the TCO layer. Device measurements consisted of temperature-and illuminationdependent current versus voltage (JVTI) to extract device parameters and recombination rates, and of capacitance versus voltage (CV) to extract doping profiles.
III. RESULTS AND DISCUSSION
The results are divided into two distinct sections. The first section is concerned with device characterization using JVTI and CV measurements. Here, the analysis is designed to expose changes in aggregate recombination behavior in different regions of the CIGS devices. In the second section, the analysis is still concerned with changes in recombination based on alkali PDTs; however, the shift to microscopy-based characterization reveals local changes in recombination behavior associated with GBs and GIs.
A. Device Characterization
The device properties measured by capacitance versus voltage and current versus voltage analysis are shown in Table I . The overall performance of the devices grown on alkali-free sapphire substrates is reduced relative to the devices grown on SLG substrates. The saturation currents (J 0 ) and ideality factors (n) calculated from dark J-V measurements indicate more recombination in the devices on sapphire substrates. In the alkali-free samples with no PDT, the acceptor concentration (N A ) is extremely low, likely the cause of the low V OC and poor FF. The carrier concentration improves after the various PDTs are applied and likewise the V OC increases, although not to values sufficient to produce high-performance devices, as indicated by the efficiencies. In Table I , the measured change in V OC is listed alongside the calculated change in V OC from (1). The change due to increased acceptor concentration is not sufficient to account for the measured values, suggesting some suppression of recombination within these devices. This dual effect of increased V OC from increased carrier concentration and reduced recombination resulting from alkali-metal PDTs has been reported for a variety of CIGS devices. The devices grown on SLG substrates do not exhibit a clear trend in changes to measured acceptor concentration or device parameters that can be attributed to the PDTs. One observation is that the device produced from the film exposed to the combined NaF + KF PDT has a slightly higher V OC that cannot be accounted for by the measured carrier concentration. This suggests that the combined PDT has a greater effect on recombination than the PDTs with either NaF or KF.
The results of JVT analysis for the samples on sapphire substrates are shown in Fig. 2 . The device on sapphire substrate with no PDT applied shows a strong "rollover" effect in the J-V curves even at 300 K, indicating a strong potential barrier at the back contact. The "rollover" is also observed in the NaF PDT device, although only at lower temperatures, and it is further reduced on the KF and NaF+KF PDT devices, only observable below ∼200 K and is not likely to have a significant effect on device operation. The reduction of the potential barrier at the back contact is interesting for these devices because the PDT was applied to the opposite surface of the CIGS films. None of the devices on SLG substrates exhibit any signature of a potential barrier at the back contact.
The recombination rates in different regions of the devices were extracted from the temperature and illumination dependence of V OC using (2)-(6) and are listed in Table II . The most significant changes are observed in the rate of interface recombination for the devices on sapphire substrates. R i decreases more than an order of magnitude for all these devices. The recombination rate in the quasi-neutral region, R b , decreases for the NaF PDT, but not for the KF or combined PDTs. It is reasonable that the interface-region properties are more significantly altered because the PDT was applied to this surface of the CIGS films. The values of the recombination activation energy indicate that interface recombination (along with low carrier density) limits V OC only in the device without any PDT. The only minor trend observed in the devices on SLG substrate is in the quasi-neutral-region recombination rate. There is a decrease in R b for all these devices, with the lowest value calculated for the combined NaF+KF PDT.
B. CLSI Characterization
CLSI was performed on films prepared from devices that were part of the same coupons as the devices used to produce the measurements in Section I. The CIGS film was exposed by large-area Ar + ion milling devices at an angle of ∼4°to remove the transparent conductive oxide layer. Spectrum-per-pixel mapping analysis allows the scanned regions to be represented in various ways. The CL images in Fig. 3 are panchromatic, formed from all emission from the samples (photon energy range between 1.0 and 1.25 eV, slightly varying for each sample), and exhibit stronger emission intensity in the GIs than at the GBs. This characteristic has been observed in many other CL and PL studies on CIGS films.
In an effort to quantify the decrease in emission intensity at GBs, the average contrast was calculated for each image. Spectra corresponding to GBs were extracted via a MATLAB routine and averaged to produce an aggregate spectrum for the contrast calculation because there is significant variation in the spectra from different boundaries. The contrast is defined as the difference in integrated emission intensity from GI maxima and integrated GB emission divided by the integrated GI maxima, and the results of this calculation are shown in Table III . The films with no PDTs, NaF PDT, and KF PDT do not exhibit a clear trend in GB contrast related to these PDTs for films on either substrate. The films on sapphire have a lower value of contrast relative to the films on SLG. This is likely the result of poor GI quality rather than reduced GB recombination. The device characterization results (low V OC values) suggest that there is still significant recombination within the films on sapphire substrates even after the various PDTs. Strong nonradiative recombination within the GIs would reduce the integrated GI maxima, and thus, the calculated contrast values. Likewise, the higher contrast values forthese films on SLG substrates could indicate a less-defective GI as opposed to stronger GB recombination. In light of the device characterization results, we are inclined to believe this explanation for these contrast values. The films on both substrates exposed to the combined PDTs have reduced GB contrast with respect to the films with the other PDTs for Fig. 4 . Maps created from calculation of the γ parameter, or magnitude of the potential fluctuations, for the films without PDTs and those with the NaF and KF PDTs. The histograms below the maps show the distribution of γ values within these images. These maps correspond to the same images shown in Fig. 3 and also represent an area of 10 μm × 10 μm. each substrate. These films also produced the devices with the best PV performance.
If the GI quality was decreased by the combined PDT, this could also reduce the GB contrast value, although one would expect this to be accompanied by a decrease in device performance. Thus, it is likely that the reduced contrast values indicate reduced GB recombination. However, the true explanation of the effects of the combined PDT may be more complicated, as will be discussed.
The spatial distribution of peak photon emission energy is also shown in Fig. 3 below the corresponding panchromatic CL images. The color scale could not be held constant (in terms of the energy window range) to make a direct comparison between each sample because the range of peak energies differed slightly for each film. This could be a result of slightly different Ga grading profiles (as the electron beam generated carriers up to 150 nm from the sample surface) or a variation in the amount of material removed during the ion milling (this may vary on the order of a few tens of nm). To compare the changes in the spatial distribution of emission energy changes related to the various PDTs for each substrate, we used the maximum range of peak energies as the width of the energy window used to represent each image, with the highest emission energy coinciding with the highest value within the color scale. This provides a way to compare emission energy from the different films. The energy window for the films on both substrates was 80 meV. In comparing the samples on sapphire and SLG substrates there is a different distribution of photon energies related to GBs. The film without a PDT on sapphire exhibits a somewhat random distribution of emission energies through the different GIs, and most of the GBs are not clearly defined by an emission signature. After the NaF and KF PDTs, the grains are more defined with the GBs exhibiting a lower peak photon energy emission than the GIs though the relative difference varies from grain to grain. In the film that experienced the combined PDT, the peak photon energies are concentrated within the higher end of the energy window (more homogeneous) and the GBs show a more uniform emission in the 10-20 meV range below the GI emission. These observations suggest the combined PDT has made this film more uniform than the individual PDTs. The films on SLG substrates exhibit a different characteristic spatial distribution of peak photon emission. The films with no PDT (still contains appreciable alkali elements), NaF, and KF PDTs exhibit higher emission energies in the GIs and lower energy emission at the GBs. The GIs are more homogeneous throughout these samples and the microstructure is clearly defined by the different emission from GBs and GIs. The presence of alkali elements during the growth process appears to have produced more uniform GIs. This behavior change in the combined PDT sample and the GIs no longer exhibits similar peak photon energy but the GBs still emit at lower energy than the adjacent GIs. The combined treatment seems to have altered the uniformity of the GIs, at least in the region where the CL signal is generated.
The magnitude of the potential fluctuation parameter (γ) was calculated for each pixel, and maps of the same energy scale are shown in Fig. 4 . Representative low and high gamma spectrum are shown in Fig. 5(a) and (b) , respectively. The γ maps for the films on sapphire substrates indicate a significant reduction in the value magnitude of the fluctuations within GIs after the NaF and KF PDTs. The γ values also decrease at the GBs although it appears that the difference in the γ parameter at GIs and GBs may remain similar. It is somewhat surprising that the films on SLG substrates respond to the PDTs in the same way-the NaF and KF PDTs reduce the potential fluctuations in the GIs, leaving the majority of higher γ values coinciding with the GBs. The films on SLG already contain appreciable alkali metals due to diffusion from the substrate during film growth. It is important to consider the suspected origins of the potential fluctuations, namely, intrinsic point defects. It is likely that Cu vacancies and their complexes with group III antisite defects strongly govern these potential fluctuations. As a result of the 3-stage growth process, the films on both substrates can have a Cu-depleted surface. The alkali-metal atoms can occupy the Cu vacancies here and reduce the magnitude of the potential fluctuations, as well as reduce the concentration of detrimental antisite compensating defects such as In Cu . The interaction of the PDTs with this Cu depleted region could explain why samples on both substrates exhibit a similar response to the PDTs in terms of the potential fluctuation behavior. The GBs may have a different defect chemistry than the GIs due to significant disorder in the crystal structure, and thus, have a different response to the PDTs based on the nature of individual GBs.
The plots below the γ parameter maps in Fig. 4 show the distribution of the calculated γ parameter for each of these maps. These plots are very interesting because they reveal a bimodal distribution of the γ parameter for all of these samples. There is a lower range of ∼15-50 meV that is very much in agreement with previous PL studies [22] . But the presence of the higher range of ∼100-180 meV has not been observed previously to the best knowledge of the authors. A reason for this is also contained within the maps and histograms in Fig. 4 . The majority of the scan regions comprise pixels with γ values within the lower range. An area-averaged measurement, such as PL often is, would be dominated by the lower γ values and not influenced by the higher γ range due to the significantly lower emission intensity of such areas. These results highlight the benefit of using luminescence techniques with high spatial resolution to study recombination behavior in polycrystalline thin films.
Mapping results and corresponding γ histograms for the samples on both substrates that experienced the combined NaF+KF PDT were not shown in Fig. 4 . The reason for this is contained in the spectra of Fig. 5(c) and (d) . The γ fitting procedure is intended for the low-energy portion of a single broad peak. The emission spectra for the films exposed to the combined PDTs are not a single broad peak, but rather, appear to comprise two broad emission peaks [see Fig. 5(d) ], the lower energy of which is also lower intensity. Calculating a γ parameter from such spectra does not accurately reflect the magnitude of the related potential fluctuation; this is why such an analysis was not included in Fig. 4 . However, these spectra are informative in that they suggest a different alteration to the optoelectronic character, and different defect chemistry, of these films than results from the individual PDTs.
IV. SUMMARY
In this contribution, we have analyzed the effects of alkali PDTs on recombination in different regions of CIGS PV devices and at GBs. The device characterization results indicate that interface recombination is most significantly affected by the PDTs in the devices on sapphire substrates, whereas the bulk of the devices on SLG may be more responsive to these treatments. The CLSI analysis revealed changes in both GB and GI recombination as a result of the various PDTs, with what appears to be a different defect chemistry arising from the combined NaF + KF PDT. A major finding is the identification of a bimodal distribution of potential fluctuations within these films, where each mode responds differently to the PDTs and shows a characteristic distribution within the films. The higher range of potential fluctuations is spatially correlated with GBs and thus provides further evidence that these regions negatively impact device performance. This work has demonstrated how spatially resolved luminescence measurements can be used to monitor changes in material properties as a function of processing conditions.
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